We study the similarity and correlations between relaxations and plastic deformation in metallic glasses (MGs) and MG-forming liquids. It is shown that the microscope plastic events, the initiation and formation of shear bands, and the mechanical yield in MGs where the atomic sites are topologically unstable induced by applied stress, can be treated as the glass to supercooled liquid state transition induced by external shear stress. On the other hand, the glass transition, the primary and secondary relaxations, plastic deformation and yield can be attributed to the free volume increase induced flow, and the flow can be modeled as the activated hopping between the inherent states in the potential energy landscape. We then propose an extended elastic model to describe the flow based on the energy landscape theory. That is, the flow activation energy density is linear proportional to the instantaneous elastic moduli, and the activation energy density q E is determined to be a simple expression of q E ¼ 10 11 G þ 1 11 K. The model indicates that both shear and bulk moduli are critical parameters accounting for both the homogeneous and inhomogeneous flows in MGs and MG-forming liquids. The elastic model is experimentally certified. We show that the elastic perspectives offers a simple scenario for the flow in MGs and MG-forming liquids and are suggestive for understanding the glass transition, plastic deformation, and nature and characteristics of MGs V C
I. INTRODUCTION
The slow down of flow or glass transition phenomena, which is a universal property of supercooled liquids when they are cooled rapidly enough, have attract extensive studies due to their scientific significance for understanding the nature of the condensed matter and wide applications.
1-8 For crystalline alloys, their properties and characteristics can be understood in microstructure including the crystal structure, the degree of order, and the contents and distributions of defects such as dislocations and grain boundaries. While the "many-body" random structural nature of glasses is quite difficult to be described or detected accurately like their crystalline counterpart. [1] [2] [3] [4] [5] [6] [7] [8] [9] It is therefore a major challenge to understand their formation and deformation and to establish their structure-properties relationship. The recently developed bulk metallic glasses provide model glassy systems for investigating the glass transition, properties, and plastic deformation of glasses. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The systematical elastic property studies indicate that the elastic moduli can be used as leading parameters for understanding and describing the most fundamental issues in MGs. 15, [17] [18] [19] [20] The properties, formation, features, and plastic flow of MGs show clear correlation with their elastic constants. 17 It is recently certified that the glass transition, relaxation, and homogeneous, and inhomogeneous deformation in glasses might be all closely related to flow event controlled by activation energy. 7, 13, 16 It therefore desires to describe and model the flows in MGs in elastic perspectives, which will be helpful for establishing a united and simple physics picture for the plastic deformation and glass transition based on few readily measurable physical parameters such as elastic moduli.
In this paper, the compelling experimental evidences are shown to demonstrate that the plastic flow and the relaxations in MGs are directly related through elastic moduli. The plastic events, shear banding, and mechanical yield are actually the localized glass to supercooled liquid transition driven by shear stress. Based on the experimental observations, the glass formation from solidification of liquid, the mechanical deformation, relaxations, and stability of glasses are treated as the flow phenomenon, and the flow is modeled as the change of the configurations or activated hopping between inherent states in the potential energy landscape. An extended elastic model is proposed to describe both homogeneous flow in MG-forming liquids and inhomogeneous flow in MGs. The elastic perspectives, which consider all MGs and MG-forming liquids exhibit universal behavior based on the readily measurable parameters of elastic moduli, are provided to understand the glass transition and plastic deformation in the MGs and MG-forming liquids.
II. EXPERIMENTAL
The bulk MGs samples were prepared by a copper mold suction casting method and the amorphous ribbons were obtained by melt spinning technique. 20, 21 The glassy nature was identified by X-ray diffraction (XRD), and differential scanning calorimetry (DSC) performed under a purified argon atmosphere in a Perkin-Elmer DSC-7. The MGs chosen (listed in Tables I and II) had a wide range of glass transition temperature, T g and significantly different in physical and mechanical properties. 16, 19, 21 The specific heat measurement was performed in Perkin-Elmer DSC7 calibrated for temperature and enthalpy at various heating rates with high-purity indium and zinc under protection of a purified argon atmosphere.
Dynamic mechanical spectroscopy (DMS) measurements were performed using TA Inc. dynamic mechanical analyzer (DMA) Q800 by single-cantilever bending method for rod samples and film tensile method for ribbons in a nitrogenflushed atmosphere. The storage modulus E 0 and loss modulus E 00 were measured by temperature ramp mode at a heating rate of 2 K/min. Uniaxial compression tests at room temperature (RT) were performed on an Instron 5500R1186 machine. Tests were carried out in a constant-crosshead-displacementrate controlled manner. The samples with gauge aspect ratio (height/diameter) of 2:1 were cut out of the as-cast rods, and the two ends were polished to make them parallel to each other prior to the compression test. For each sample, sets of five measurements are repeated in compression tests.
Elastic moduli of the MGs were monitored using ultrasonic method. The amorphous rod (u ¼ 3-8 mm) was cut to a length of about 8 mm, and its ends were carefully polished flat and parallel. The acoustic velocities (longitudinal and transverse velocities v l , v s ) were measured using a pulse echo overlap method by a MATEC 6600 model ultrasonic system with a measuring sensitivity of 0.5 ns. 16 The excitation and detection of the ultrasonic pulses were provided by X-or Ycut (for longitudinal and transverse waves, respectively) quartz transducers. The frequency of the ultrasonic is 10 MHz. The density was determined by the Archimedean technique and the accuracy lies within 0.1%. The velocities measurements were repeated for the each sample for several times to examine the reproducibility and minimize error. Elastic constants (the Yong's modulus E, the shear modulus G, and the bulk modulus K and Poisson's ratio v) were derived from the density and acoustic velocities as follow:
III. RESULTS AND DISCUSSION
We start from the investigation of the relationships among the microscope plastic events, plastic deformation, yield, relaxations, and glass transition. Microscopically, the plastic deformation of MGs is regarded as a consequence of formations and self-organizations of shear plastic flow events. The shear transformation zone (STZ) theory 11 was proposed to model the plastic events of MGs, which suggests that a flow event is initiated from rearrangements of atoms in local regions, which contain tens of atoms. 11, 12 The selforganization of the STZs forms the shear bands, and the propagation of the shear bands induces the yield, cracks, and the failure of the MGs. 10 The underlying relaxations of glassy materials and supercooled liquids are governed by two main processes, the primary relaxation (a-relaxation) and the secondary relaxation (slow b-relaxation).
4 The a-relaxation involves large scale rearrangements of materials, and the activation of which makes the liquid flow. The a-relaxation is the principal source of information about the dynamics of glassy state, and the underlying flow during glass transition is mainly governed by the kinetic process of the a-relaxation. The slow b-relaxation, 22 which has been proved to be an intrinsic and universal feature of MGs, is regarded as a unit event of arelaxation and is usually related to localized translational motions with cooperative nature, a reminiscent of plastic events in MGs. Experimentally, the activation energy of the b-relaxations of MGs, E b , can be determined either by DSC or by DMS. 23, 24 Theories and models relate yielding and plastic deformation of glassy materials to their relaxations. 13, 25, 26 It is considered that the cooperative motions of atoms that are responsible for b-relaxation accommodate the deformation. In some polymer glasses, the transition of deformation modes (e.g., from brittle to ductile) often correlated with the brelaxations. 27 The activation of isolated STZ is assumed to be associated with the b-relaxation, 13, 28 while more experimental evidences are need to confirm the ideas in MGs.
A. Relations among the yield, plastic deformation, relaxation, and glass transition in MGs
The characterization of yielding in MGs
For crystalline materials, the onset of yielding marks the motion of dislocations at the atomic scale. 29 When a shear stress s is applied to a material, two internal stresses will respond: long-range internal stress s G , which is mainly determined by the shear modulus G, and short-range internal stress s p , which mainly comes from the Peierls stress. 29 In the case of MGs, since there is no long-range ordered microstructure, the long-range internal stress is absent and only the short-range stress operates. A malleable MG, when compressed or rolled, can flow plastically under macroscopic yield stress r y due to the absence of strain hardening. 29 There have been sporadic reports that the onset of yielding in MGs actually takes place below the experimentally macroscopic yield strength, 30 and the plastic deformation could proceed at 0.9r y at RT without apparent formation of shear bands. 30, 31 However, the nature of yielding in MGs received little attention and remains unclear yet. We reexamine the concept of elastic strain and the onset of yielding of the MGs based on the free volume model. 12 The aim is to understand the yield and its relation with the transition between the glass and its supercooled liquid. A critical value of free volume is found to be a sufficient condition for the yielding, which is similar to the critical value change of free volume during glass transition in MGs. [32] [33] [34] The reduced free volume (RFV) is defined as, x ¼ V f =aVÃ, where V f is the average free volume per atom, a is a geometric factor between 0.5 and 1, V* is the critical volume of an atom. Then, the net rate of increase of the average free volume per atom, v f , is the difference between the increase rate of V f caused by shear-induced dilatation and the decreasing rate of V f caused by diffusion-induced annihilation:
where f is the frequency of atomic vibration; k B , the Boltzmann constant; T, the temperature, V À , the atomic volume ($1.25V*); DG m is the activation energy of atomic motion; and S ¼ 2 3 G 1þ 1À , where v is Poisson's ratio, n D is the number of diffusive jumps to annihilate a free volume equal to V*, which is between 1 and 10.
For most bulk MGs, they have a density difference of $1% compared to that of their crystalline counterpart. 5, 12, 16 If the increment of density is entirely ascribed to the annihilation of free volume, the x 0 for most MGs would be in the order of $1%. (The a is then taken to be 1.) While the initial value of RFV x 0 is adopted to be 2.2% here for two reasons: 32 (1) A smaller x 0 , for example, 1.0% or 1.5% needs a geological time scale for the evolution of FRV to produce a change, which is inconsistent with experimental observations; (2) the probability p(x)dx of finding an atom with RFV between x and x þ dx ispðxÞdx ¼ c 1 expðÀc 2 xÞdx (Ref. 12) , where c 1 and c 2 are constant. We have checked the critical value x c depending on the change of the initial value of RFV x 0 in Zr-and Cu-based MGs, and find that x c is independent of the change of x 0 .
The numerical calculated results of Eq. (1) using the parameters listed in Table I Fig. 1 . It can be seen that the RFV sharply increases (becomes diverge) when it reaches a critical value of $2.4%. The numerical result is independent of the chemical composition and mechanical parameters as well as the DG, n D , a, and x 0 of different MGs. In other words, a critical value of x C $ 2.4% for the onset of yielding appears to fit for various MGs. The increase in free volume over x C will drastically reduce the viscosity the alloy 12 and causes the flow of the MG. This result has also been confirmed by molecular dynamics simulation and elastostatic compression. 31 Since a MG is expected to yield as the RFV reaches the critical value x C , this indicates that the effective stress may not necessarily correspond to the experimentally measured macroscopic yield strength. To confirm the prediction, the evolution of x during deformation in Eq. (1) is checked. During deformation, the free volume gradually increases (i.e., _ x > 0) until it reaches x C , at which _ x ¼ 0 and the shear stress s reaches a critical value s C determined from Eq. (1) as
Substituting x C $ 2.4% into Eq. (2), the s c can be obtained (n D and T taken to be 3 and 300 K, respectively). The calculated r c (r c $ 2s c ) and r y of a number of MGs are listed in Table I . It is apparent that r c < r y , the prediction is consistent with the experimental observations that the very stress for the onset of yielding is usually smaller than the macroscopic yield strength. 30, 31, 35 This demonstrates that when an applied stress satisfying Eq. (2), x will grow to $2.4%, and the MG will yield provided it is loaded for sufficiently a long time. Even in crystalline alloys, the value of x cannot exceed a maximum value of x m either, because the alloy would transit into liquid state or suffer a failure when x > x m . Therefore, if x > x C , the MGs would be in the supercooled liquid state. 12, 36 The existence of critical RFV value x c at yield of MGs can be understood in the viscosity point of view. The relation between free volume and viscosity of MG-forming liquids is expressed as:
12 g / expð1=xÞ. Thus, the existence of a universal x C $ 2.4% for the onset of yielding indicates that there is a critical viscosity value g c for glass transition in MGs. In fact, at T g , the viscosity of various liquids get to g(T g ) ¼ 10 13 poise, 1 which is independent of materials. This indicates that the yield is similar to the transition from glass state to its supercooled liquid state. When a MG is uniaxially compressed or stretched at RT and if the applied stress exceeds r c , x will increase to x C , and the viscosity is then much decreased and the shear flow or the initiation and subsequent development of shear bands occurs in the MGs.
The characterization of the transition from MGs to supercooled liquids
Next, the features of the transition from MG to supercooled liquid in different MGs with markedly different physical and mechanical properties 14, 16, 19, 20 (listed in Table II ) are investigated. The value of steps of specific heat capacity (DC p ) during glass transition in a variety of MGs was determined as the temperature of intersection between the extrapolated lines of the glass C p and the rapidly rising C p during the glass transition, and the DC p was the difference between the extrapolated C p values of the supercooled liquid state and the glass state at T g (see inset of Fig. 2) .
The data of DC p and T g for 43 MGs are list in Table II 
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-1 and almost invariable for the different MGs. I note that some data of the specific heat difference between undercooled liquid and glass are different from that reported in Ref. 33 . This is due to in Ref. 33 , the data collected from different groups and different literatures from our group, there are systematical errors. In this paper, we then remeasured the data and to reduced the systematical errors. This is the reason why the present data have minor differences compared to that of Ref. 33 .
It is noted that specific heat at T g has been previously reported by other groups in vit1, Mg-Cu-Y, Pd-Ni-Cu-P bulk MGs. [38] [39] [40] [41] [42] They provided equations for the specific heat as a function of temperature. [38] [39] [40] [41] [42] Here, we only focus on the difference of C p at T g between glass and supercooled liquid states. When one carefully checks the difference of C p in their work using our method, one can find that their results are actually similar to ours. The minor difference could result from effects of the thermal effects of the physical aging (overshoot) and the crystallization in undercooled liquid on the C p measurement by DSC. According to Eyring's theory, 37 the invariable DC p in MGs can be explained by the critical free volume change during the glass transition. The heat capacity of glass can be assumed to consist of two components, C p-total ¼ C pv -C ph . It is only the latter part that accounts for DC p . As proposed by Eyring, C ph is expressed as
where V 0 is the average atomic volume, V h is the volume of a hole, and h is the excess energy needed to form such a hole, and R is the gas constant. According to the Eyring's model, 37 V 0 /V h % 5 -6 and h /RT g % -lnx c . The RFV x is defined as the fraction of the total holes volume in the glass or liquid state. At T g , the x is a critical value x c . Taken
-1 and V 0 /V h ¼ 5 during glass transition, we get the critical free volume x c is 0.024. This indicates that the glass transition for MGs corresponds to the state where the fraction of the free volume reaches a critical value of 0.0238. The value is also very close to the above critical RFV value for the onset of yielding in MGs. That is, there is existence of a universal critical value of x C $ 2.4% 6 0.2 for both of the onset of glass transition and yield for various MGs. It is recently found that a universal Table I .
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Wei Hua Wang J. Appl. Phys. 110, 053521 (2011) scaling law that uncovers an inherent relationship of yield strength s y with T g of MGs. [43] [44] [45] [46] All the results demonstrate that there is an intrinsic correlation between yielding and glass-liquid transition, and the yielding of MGs is intrinsically associated with the glass transition.
Some similar critical behaviors have been found in MGs. For example, a Lindemann-type criterion for glass transition in MGs has been reported. 16 It is also found that the glass transition occurs when the G decreases to 85% of the shear modulus at 0 K, that is, G(T g ) ¼ 0.85G(0 K). The existence of a universal critical value of x C $ 2.4% for the onset of yield and glass transition for various MGs is consistent with the found critical behaviors and the Lindemanntype criterion. The formation of free volume in liquids or glasses is related to the limiting mean-root-square displacement of a kinetic unit (an atom or a group of atoms) from an equilibrium position. Thereby, the critical RFV during the glass transition in the MGs characterizes a critical atom displacement, above which the structure of the MG would be disintegrated. According to the harmonic Debye model, the mean-square thermal displacement is proportional to T/ m a h D 2 (where m a is the molar mass and h D is the Debye temperature). Owing to the critical atom displacement at T g , the T g /m a h D 2 should have a critical value for MGs. 16 The results would be helpful for providing a simple picture for understanding the glass transition and yielding as a united issue. For MGs, the free volume was thought to be evenly distributed in the materials. The packing density around the free volume is lower than the surroundings. Therefore, these regions combine weakly and become the preferred sites where the MGs become instable caused by increasing temperature (glass transition) or applied stress (yielding) because both yielding and glass transition occurs when the reduced free volume evolutes to arrive at a similar critical value. Recent experimental observations and computer simulations indeed indicate that the yield point of MGs corresponds to the destabilized propagation by the percolation of a large number of local shearing events with a critical shear strain, c 0 . 11, 16, 17, 47 The transition from local shearing events to macroscopic yield results from the dramatic increase of the atom mobility and softening motivated by the input of mechanical energy that could be both applied temperature or stress. 48 , 49 The yielding of MGs then can be rationally presumed as a critical point at which the accumulated internal energy by elastic deformation is high enough for the transition from glass state to supercooled liquid state. It is suggested that one can unjam the jamming systems (the jammed systems include glass, grains, bubbles, droplets disordered systems) by raising temperature, applying a stress or decreasing the density. 50 Based on above experimental observations, it is proposed that temperature, stress, and decreasing density are equivalent approaches for fluidizing MGs. 51 The formation, deformation, and glass transition in MGs can be treated as the flow phenomenon.
Correlation between glass transition and plastic deformation in MGs
The underlying flow during glass transition is mainly governed by a kinetic process of the a-relaxation.
1-4 On the other hand, when an external stress beyond yielding strength is applied to MGs, the homogeneous or inhomogeneous flow (plastic deformation) occurs. Theories and models were often separately developed to understand the temperature induced flow associated with glass transition and the stress induced flow related with plastic deformation. Growing simulation and experimental evidences have suggested that glass transition and plastic deformation could be connected in MGs, 28, 33, 38, 48, 52 while more clear experimental evidences are needed to verify if there exists an intrinsic connection between the two fundamental issues in MGs. The effective activation energy of homogeneous plastic deformation and glass transition in various MGs are studied to check the connection between the two fundamental issues.
The deviation of a-relaxation from Arrhenius relation g ¼ g 1 exp (E a /RT) can be quantified by the fragility index m as
where g 1 is the high-temperature limit of viscosity, E a effective activation energy of a-relaxation or glass transition. The dramatic slow down in g when temperature approaches T g can be characterized by fragility. A pronounced nonArrhenius liquids is characterized by large m value and called "fragile." While materials with small m values are "strong" glass, and their a-relaxation behaviors are close to the Arrhenius type. Metallic glasses with m value ranging about 30-60 belong to the intermediate fragile glasses. 16 If however, the Arrhenius relation is nevertheless used to depict the a-relaxation, the E a must be temperature dependent, combination with Eq. (4), the E a at T g would be
The m dependent E a (T g ) characterizes the maximum energy barrier a MG should overcome when heated from glass onward to supercooled liquid state. Intriguingly, in MGs, the m is found to correlate with the glass forming ability, 53 the behavior of the b-relaxation, 24, 54 and the high frequency dynamics of atomic vibration (Boson peak). 55 Remarkably, the m is also recognized as the indicator of ductility of MGs.
14 While at high temperature (>$0.8 T g ) and within the supercooled liquid region, MGs can be deformed either by non-Newtonian or Newtonian homogeneous deformation depending on the strain rate. Although the low temperature inhomogeneous deformation mechanisms of MGs are poorly understood, the homogeneous deformation is amenable to statistical modeling using the transition rate theory. 10 
where a 0 incorporates the fraction of material that is available to deform via activated process, 10 v 0 attempt frequency of a flow unit on the order of Debye frequency, Q the activation energy, c 0 the characteristic strain of a operated plastic unit, V* ¼ c 0 X the activation volume with X the characteristic volume of a flow unit. Equation (6) is not theory specific 10, 56 and other models such as STZ theory, free volume theory, 12 , 10 and the values are almost T independent. Furthermore, the value of Q/RT g ln(10) %42 6 3 is very close to the fragility index of vit1, m % 45 6 5 (kinetic m ¼ 50 and thermodynamic m ¼ 39). 17 This result implies that the activation energy of homogeneous deformation in vit1 is equivalent with its effective activation energy of a-relaxation at T g , that is
To investigate whether Eq. (7) stands in other MG systems, we collect the available data of Q and m from literatures [56] [57] [58] [59] [60] [61] [62] [63] for different MGs and estimate their E a (T g ) using Eq. (5). All the available data are listed in Table III . Figure 4 shows a plot of Q versus E a (T g ) for various MGs. Clearly, the data reveal nearly a one-to-one correspondence between Q and E a (T g ) that extends over a broad range. A least square linear fit gives a correlation coefficient about 0.93 and the slope of the fitted line is about 1.4 6 0.3. This suggests a clear correlation between Q and E a (T g ) and the validity of Eq. (7). The above result is not unexpected, since homogeneous deformation is often regarded as a process of balancing between stresses driven free volume creation and relaxation induced free volume annihilation. 10 From the energy landscape perspective, the Newtonian homogeneous deformation is regarded as thermally activated flow, where energy barriers are overcome entirely by thermal fluctuations. 28, 43, 52, 63 Besides, in the high temperature and low stress limit _ r flow ¼ 3g, mechanical experiments and viscosity measurements are equivalent in determining the activation energy. Under this condition, Eq. (7) should strictly hold. The correlation between plastic deformation and a-relaxation via activation energy unequivocally demonstrates the similarity between the plastic deformation and thermally driven glass transition. Very recently, a new bulk MG that has very low elastic modulus (G ¼ 6 GPa) was developed. 64 Due to the low flow activation energy of the MG, the glass transition or homogenous flow can be realized by applied stress at RT, which confirms the similarity of plastic flow and glass transition in MGs.
B. Correlation between the activation of plastic events and b-relaxations in MGs
In microscopic scale, the plastic deformation of MGs is accommodated by a consequence of formations plastic events involved in the rearrangement of tens of atoms and self-organizations of the plastic events. The plastic event is modeled as shear transformation zone, STZ, 11 and the STZs are regarded as the microscopic unit event of shear banding and yielding. The slow b-relaxation 3 is usually related to localized motions with cooperative nature, a reminiscent of STZs in MGs and is the microscopic unit event leading to primary a-relaxation. The activation energy of the b-relaxations of MGs E b is experimentally determined either by DSC or by DMS. 23, 24, 65 Next, the correlation between the microscopic unit event of shear banding and yielding (plastic units) and the microscopic unit event leading to primary arelaxation (the slow b-relaxation) in MGs is investigated.
The DMS measurements were performed on MGs with varied testing frequency f. Table IV summarizes available data of E b and T g for various MGs, 23, 24, 54, 66 which covers more than 20 individuals from 10 typical MG systems. Figure 5(a) shows the plot of E b against RT g of these MGs. An approximately linear relationship of E b % 26( 6 2)RT g is obtained. The similar empirical relationship between E b and T g in the form of E b % 24RT g had also been found in nonmetallic glasses.
11
The potential energy barrier for an unsheared STZ can be estimated as:
fX, where X the average volume of an STZ, c c % 0.027 the average elastic limit, and f % 3 a correction factor arising from the matrix confinement of a "stressed" STZ. 13, 49 Let X ¼ nC f V a , where V a ¼ M/(qN 0 ) the atomic volume, N 0 Avogadro's number, r density, and M molar mass, C f $1 -2, as suggested by Falk et al., 15 is a free volume parameter. The n is estimated to be about $100 -300 [Refs. 13 and 17] . The molar potential energy barrier for an unsheared STZ is
where Table V . The data reveal nearly a one-toone correspondence between E b and W STZ that extends over a broad range of MGs. The least square linear fitting line (with a correlation coefficient about 0.90) roughly passes though the point of origin with a slope of 0.99 6 0.08, which confirms that E b % W STZ . This linear relationship is further verified to hold in individual system of MGs with varying of composition (such as Zr-, Cu-, Fe-, and rare-earth based MGs). 28, 71 Therefore, the above results confirm that activation of STZs and the b-relaxations are directly correlated. As GV m is a measurement of the energy barrier of STZs and RT g measures the activation energy of the b-relaxation, one can readily use GV m and RT g , which are easily measurable parameters, to characterize the events of STZs and the b-relaxations in MGs.
This generalized correlation in essence is a manifestation of the close relationship between activation of STZs and b-relaxation. 28 It is believed that the b-relaxation relates to the dynamical heterogeneity in glasses.
1,3 On the other hand, there is general consensus that the potential STZs are nucleated around the sites of free volumes.
1-3 This picture is validated by the experimental observations that some bulk MGs consist of the weakly bonded regions (or soft regions) and strongly bonded regions (or hard regions) [74] [75] [76] and the heterogeneous structure benefit the plastic deformation of these MGs. Therefore, the b-relaxations, similar to the events of potential STZs, could take place in the loosely packed regions, where the local translational atomic motions can be readily activated compared with that in closely packed regions, and the structural heterogeneity is the common structural origin of events of STZs and the b-relaxations. The b-relaxation in MGs then corresponds to a process involving "thermal driven events of STZs," i.e., a group of atoms within loosely packed regions undergo an inelastic distortion from one configuration to another, crossing an energy barrier induced by the thermal fluctuations, and there is no directional flow and the process is reversible due to the confinements of the surrounding closely packed regions. In contrast, the directional flow events of STZs are induced by external shear stress. 28 Therefore, in microscopic scale, the plastic flow unit of MGs is closely related to the unit event of the relaxation, the b-relaxation. 
C. The flow in metallic glasses and metallic glass-forming liquids
In this section, we focus on the definition of the flow and characterize the flow in MGs and MG-forming liquids. A viscous liquids can be viewed as "solid that flows" in enough short time scale.
7,72 Figure 6 schematically illustrates the flow based on the concept of potential energy landscape (PEL). The flow event or the configurational hopping in MGs or MG-forming liquids is the process that the system escapes from one local minimum to another (an activated hopping between inherent states across energy barrier DE) or the disappearance of barrier between neighbor local minima. There are two flow modes: the b-mode is the stochastically and reversible activated hopping events across ''sub-basins'' confined within the inherent ''megabasin'' (intrabasin hopping) and the a-mode is irreversible hopping events extending across different megabasins (interbasin hopping). Figure  6 also schematically illustrates the relationships among the potential plastic units, plastic flow or yielding, and the band a-relaxations, based on the PEL in MGs. 4 The isolated potential STZs accommodating the flow during glass transition or plastic deformation are confined within the elastic matrix and correspond to the b-relaxation. The mechanical stress, equivalent to thermal activation, can significantly enhance the atomic mobility (or decrease the viscosity) by inducing a glass-to-supercooled-liquid transition. When temperature or external stress is applied and reaches a critical energy threshold of activation energy for the transition from MG to a supercooled liquid with high atom mobility, the elastic shell of the isolated STZs will collapse, and the percolation of these flow units associates with the a-relaxation. The localized plastic deformation or shear banding in MGs can be regarded as the percolation of these flow units in nano-scale thin layers (shear bands) driven by stress, and the glass transition or a-relaxation is a thermally driven large scale percolation of these flow units in whole material. The plastic deformation, glass formation, glass transition, and relaxations in MGs can be treated as the flow phenomenon activated by different processes such as thermal process or mechanical process. The flow is controlled by its activation energy. Next, the physical parameters that the flow activation energy related to will be investigated.
D. An elastic model for flow in MGs and MG-forming liquids
The MG-forming liquids can be characterized by the instantaneous elastic moduli of G 1 , E 1 , and K 1 . Actually, the metallic glasses are frozen liquids and their atoms or clusters are arranged much like those in their melt but are more tightly, densely packed, and much more viscous. It is found that even below the conventional elastic limit, the MGs show nonelastic rheological response under constant load. 35 In accordance with the properties, the MGs can be characterized as highly viscousic. Extensive experimental evidence shows that the flow viscosity of MG-forming liquids follows the general Arrhenius equation: gðTÞ ¼ g 0 ln DEðTÞ=k B T ½ . The energy barrier DE for the flow events is temperature dependent and can be determined based on the PEL theory.
We define the activation energy of a unit volume as the activation energy density (q E ) (Refs. 77-82):
The definition of activation energy density can directly relate the flow activation event to the elastic moduli. 7, 8, 18, 81, 82 We estimate the energy barrier between two potential energy minima from the curvature around the minima. 18, 82 Consider the one-dimensional PEL with two minima separated the distance 2r 0 as shown in Fig. 7 . The two thin curves give the potential estimated by second-order expansions around the minima, and the barrier height is estimated by extrapolating from the minima. The estimated barriers are clearly larger than the actual barriers as shown in Fig. 7 , but the estimated and actual barriers are proportional. The activation energy DE for flow in MGs or in MG-forming liquids is assumed to be mainly elastic energy. 7, 64 Then, in the energy landscape perspective, the activation energy density of flow can be expressed in a harmonic form q E ¼ 1 2 Mr 2 using second order Taylor expansion around the minima, 18 where M is the elastic moduli, and r is the elastic strain. According to the equipartition law of statistical mechanics: 83 suggesting hr 2 i / k B T=MV m . Assuming the distance r 0 between the minima is constant, then,
Because the atoms release 3 degrees of freedom around glass transition in MGs, 33 one gets
where x, y, z represent the three directions in Cartesian coordinate, and M x , M y , and M z are the corresponding elastic moduli. For isotropic MGs, they represent two shear modulus and one longitudinal modulus, as 
And then, one obtains
The linear contribution of G and K can be estimated by defining the temperature dependency of
where I G and I K are temperature indices, 18 respectively. And
For MGs, G/K varies from 0.2 to 0.5 [Ref. 16] and gives the partition coefficient of a ¼ 0.07 6 0.01. The partition coefficient for G and K suggests that both the volume-conservative shearing (corresponding to G) and volume-nonconservative dilatation (corresponding to K) contribute to the flow, and dilatation contributes around 7% to the activation energy density for creating the room for atoms rearrangement, which has been observed both by simulation and experiments. 11, 84, 85 To determine exact contribution of K and G to the q E for flow, the acoustic velocities change during glass transition has been studied. The T-dependent transversal and longitudinal velocities change differently during the glass transition process, 86 and the ratio of the relative changes of the two velocities is about DK K % 5 : 1. In 3D space, there are two shear modes (corresponding to G) and one radial mode (dilatation mode corresponding to K) when atoms move. Thus, the contribution of G should be doubled, and the ratio of the contribution of G and K in q E should be about 10:1, that is
This indicates a ¼ 1/11 ¼ 9%, which is consistent with the above result. The extended elastic model shows that q E is determined by both G and K in a way of q E ¼ (10G þ K)/11. This is different from most other elastic models for flow in glasses and supercooled liquids, which consider the case of simple shear and involve only shear modulus. The extended elastic model suggests that both homogeneous and inhomogeneous flow is shearing process combining free volume generation and demonstrates that both shear and free volume are important for flow and provides an intuitional picture of the flow of the atoms or atomic groups in glass or liquid. In fact, the shear induced dilatation has been widely observed. 84, 85, 87, 88 The elastic model is further experimentally verified. We check the correlations between T g and the elastic moduli for various MGs. The flow viscosity of MG-forming liquids follows:
According to the definition of glass transition temperature, at T g , for MGs, g(T g ) ¼ 10 13 PaÁs. 1,4 From
One can see that DE(T g )/kT g is a constant at T g for all MGs. According to our model,
Figure 8(a) shows the data of (10G þ K)V m /11RT g versus various kinds of MGs. These MGs cover many typical systems including Zr-, Cu-, Ca-, Mg-, Ni-, Fe-, and rare earth elements based MGs, and their thermal, mechanical, and physical properties are markedly different 17, 80, 81 (as listed in Table VI) . Their values of T g , E and Poisson's ratio span from 317 K to 930 K, 23 GPa to 195 GPa, 0.276 to 0.41, respectively. One can see that these data can be well fitted by a constant 0.075. The data of (10G þ K)V m /11RT g for various MGs versus other parameters such as density and Poisson's ratio are shown in Fig. 8(b) . The MGs are independent with these parameters and can also be well fitted by the constant of 0.075. The experimental comparison further testifies the above model. As a comparison, Figs. 8(c) and 8(d) also show the plots of KV m /T g and GV m /T g versus Poisson's ratio. Fitting to the data yields KV m /T g !8.78 v and GV m /T g !-0.86 v, which indicate that the sole K or G cannot characterize the activation energy density well. Other groups 43, 44, 89, 90 also found similar correlations in different forms, while these correlations also support that the volume factor must be considered to make the ratio of activation energies and T g be a constant.
To further experimentally confirm the elastic model in glass state, an attempt was made to amplify the measurable dilatation effects of homogeneous deformation by performing tests at RT to suppress structural relaxation. 87 According to the elastic model, it is expected that plastic deformation induces dilatation of the glassy structure. In inhomogeneously deformed samples, the shear bands show clear structural changes resulting from the very high local shear, and possibly also linked to local heating and rapid cooling. 91, 92 The Zr 46.75 Ti 8.25 Cu 7.5 Ni 10 Be 27.5 (vit 4, T g ¼ 625 K) is chosen to perform tests below its yielding strength at RT to suppress structural relaxation. Ultrasonic measurements have been exploited to measure the subtle changes in the moduli of the MG uniaxially loaded with a strain rate of 1 Â 10 À4 s À1 at 80% of the MG yield strength (r y % 1:9GPa) for periods of hours at RT. After 38 h of pre-compression, detectable permanent deformation after the load is removed is found. No shear bands are observed indicating the homogeneous deformation. 87 The evolution of density and elastic moduli with precompression time within the apparently elastic region indicates that the pre-compression induces dilatation. 87 The relative variations of elastic moduli show that the E and G decrease by similar small amounts, while the K decreases slightly more. 87 Loading for 38 h, the viscous strain is $2 Â 10 À4 , associated with a fractional density decrease of $2 Â 10 À3 . The density change though large, ten times the viscous strain, is broadly consistent with the observed fractional decreases in elastic moduli of 5 to 7 ð ÞÂ10 À3 . The decreases in K therefore appear entirely consistent with the dilatation induced by pre-compression. 87 It is noted that the elastic moduli and density increase during relaxation, and the increases are greater under hydrostatic pressure. 93, 94 Therefore, the changes in elastic moduli and density in our case are not consistent with structural relaxation. Also, on annealing-induced relaxation, 95 the changes in K are much smaller than the changes in G or E, in contrast to the relative magnitudes in our case.
The above results suggest that free volume can be generated very effectively in homogeneous flow as in soils, granular media in general, 96, 97 and in the deformation of MGs. 87, 98 The found clear dilatation effect in the viscous flow in the apparently elastic regime of the glass reveals that the large volume increase association with the local shearing events. 87 This also indicates that the role of bulk modulus during flow. The results as well as others 88 further confirm the proposed elastic model.
E. Elastic perspectives on metallic glasses and MG-forming liquids
The systematically elastic property studies of various MGs show that the subtle microstructural changes induced by tuning composition, temperature, pressure, aging, and internal or external stress can be effectively characterized by the elastic moduli. In other words, there exist close links between the microstructural change and properties/ features of the MGs through the medium of elastic constants. 16, 94, [99] [100] [101] [102] [103] [104] On the other hand, there exists clear correlations in empirical levels among the elastic moduli, the glass formation and transition, the properties and features, and the strong/fragile characteristics of MGs. 13, 14, 16, 17, 44, 45, 71, 105, 106 These correlations confirm that the elastic moduli are key parameters for controlling the features and properties of MGs. The elastic model in turn can offer a simple scenario for explaining and understanding the nature and characteristics of metallic glasses and the found correlations in MGs. 16 For example, elastic model can explain the found critical phenomena during glass transition and yield. For MGs, it is found that the glass transition occurs when the G decreases to 85% of the shear modulus at 0 K, G(T g ) ¼ 0.85G(0 K). 107 According to the elastic model, the glass transition can be regarded as a kind of dramatic elastic moduli change caused by either temperature (glass transition) or densification (jamming) or load (external stress). These factors play similar roles in glass transition through rapidly changing the elastic moduli at glass transition point. In MG-forming liquids, when the temperature is rapidly cooled to T g , the elastic moduli will rapidly reach the elastic moduli softening line, and the liquid is frozen into glass. One can also unfreeze the glass or yield the glass and make glass flow either by raising temperature or by applying shear stress to reach the elastic moduli softening line. The plastic deformation in MGs can also regarded as the glass to supercooled liquid transition (confined in shear bands), which occurs upon reaching an elastic modulus threshold by stress to sufficiently high internal energy.
The various correlations found in MGs can be understood via the elastic model. According to the framework of the elastic model, the DE(T g )/k B T g is a constant for different MGs, and the DE is related to elastic moduli M: DE(T g ) ! M(T g ). Therefore, M(T g )/T g should be a constant for MGs. That is, for various MGs, T g is closely related to the G or E as experimental results have shown. 16, 43, 45 From the construction of the fragility plot, all viscosity curves intersect at T g [Ref. 108] . This means that if a liquid has a steeper slope of logg near T g , it inevitably has a smaller slope of logg at high temperature. At high temperatures, relaxation in most of the liquids shows Arrhenius temperature dependence: g ¼ g 0 exp(DE/T). Thus, the high-T slope of logg in the fragility plot, DE/T g , can also be a measure of fragility. Experimental data show that DE/T g indeed roughly correlates with fragility m in various glasses: 105 T g =DE / m. Therefore, according to elastic model, both DE and T g correlate with elastic moduli as experimental observed. 14, 16 The correlation between fragility and glass-forming ability has been found in many MG-forming systems [109] [110] [111] [112] can be understood from the elastic model. On the other hand, the fragility correlates with the Poisson's ratio in MGs. 16 The Poisson's ratio then can be regarded as an indicator of the glass-forming ability of an alloy. Because the average barrier for flow DE is mainly related to G, 81, 82 for the MGforming systems with low G or larger Poisson's ratio, their DE is easy to be surmounted via small strain energy. While surmounting the large energy barrier (small v) will take some finite time and large energy, in order for the system to track the changes in the PEL through structural rearrangements. For example, in Fe-based MGs with low Poisson's ratio, there is tendency to suggest that glass-forming ability is enhanced by increasing of energy barrier. 113 Therefore, an alloy development strategy relies on dramatically increasing flow activation energy, or increasing GV m or decreasing v, which result in high glass-forming ability in an alloy. The elastic model also offers a simple scenario for explaining the found correlation between T g and Debye temperature h 2 D in MGs. 16, 94 One of the long-standing controversial issues is the formation mechanism of shear bands involving viscosity drop during shear banding. 113 The softening has been attributed to mechanical dilatation or shearing. 11, 12 Due to the formation of shear bands that is akin to the process of glass transition, according to the elastic model, both the shear flow and the dilatation should be involved in the formation of shear bands. The elastic model also has implication for the design of plastic metallic glasses. To decrease the activation barrier or G, one can enhance the plasticity of a MG. This is in agreement with the fact that a higher Poisson's ratio represents a higher possibility for a MG to have better toughness. 14 
IV. SUMMARY AND CONCLUSIONS
We show compelling experimental evidence that the activation of the unit of flow event and slow b-relaxations in metallic glasses are directly correlated. The slow b-relaxations can be regarded as a thermal driven process of flow events, and the mechanical yield where the atomic sites are topologically unstable by applied stress can be treated as the stress driven glass transition, and the formation of shear bands is a consequence of the stress-induced glass to supercooled liquid transition. Based on the experimental observations, an elastic perspective of the metallic glasses is suggested as that: the glass formation from solidification of liquid, the mechanical deformation, and relaxation of MGs can be treated as the change of their different configurations or flow, and the flow can be modeled activated hopping between inherent states in the PEL. The energy barriers of the flow of both homogeneous flow and in MG-forming liquids and inhomogeneous flow in MG, or the variation in the configurational change or flow of liquid induced either by thermal excitation or mechanical stress, are determined with instantaneous elastic moduli. An extended elastic model is then proposed to describe the flow both in MGs and MG-forming liquids based on the PEL theory. The activation energy density q E is determined to be a simple expression of q E ¼ 10 11 G þ 1 11 K. That is, both shear and bulk moduli are critical parameters accounting for both homogeneous and inhomogeneous flows in MGs and MG-forming liquids. The extended elastic model has been verified by experiments. It is therefore concluded that the elastic moduli are the key physical parameters for controlling the main thermodynamic and kinetic, mechanical and physical properties of metallic supercooled liquids and MGs, and for understanding and characterizing the MGs. The elastic model might offer a realistic and simple picture for understanding the glass transition and deformation, and the natures in MGs and MG-forming liquids.
